gence and reemergence of antibiotic-resistant microorganisms, establishing parameters that are optimal for studying neutrophil-S. aureus interactions will pave the way towards developing immune-directed strategies for anti-staphylococcal therapies.
attribute is confounded by the high prevalence of antibiotic resistance in S. aureus [e.g., as with methicillin-resistant S. aureus (MRSA)], a major problem for treatment of infections. Therefore, enhanced understanding of neutrophil-S. aureus interactions is important for the development of immune-based therapies designed to prevent or moderate S. aureus infections [5] .
Previous studies, some performed many years ago [6] , investigated the contribution of host serum Ab and complement to neutrophil phagocytosis of S. aureus. Phagocytosis of S. aureus by neutrophils can occur in the absence of these opsonins [7] [8] [9] [10] , but the process is more efficient with opsonized microorganisms [11] . Therefore, it seems logical that past efforts to develop a vaccine against S. aureus have largely been directed to enhance opsonophagocytosis [12, 13] . These vaccine candidates promote opsonophagocytosis in vitro and confer protection in animal infection models, but human clinical trials utilizing these molecules have met previously with little or no success [14] . One possible explanation for this disconnect (that between the experimental systems and human clinical trials) is that opsonophagocytosis assays and mouse infection models do not faithfully mimic conditions in humans. Notably, the mouse is naive and lacks specific Ab to S. aureus . Therefore, previous vaccine approaches directed to enhance opsonophagocytosis work well in the mouse because it lacks preexisting opsonic Ab. By comparison, all humans have specific (opsonic) Ab to S. aureus and/or generate an immune response to S. aureus because of previous exposure. Thus, addition of additional opsonic Ab in human neutrophil assays in vitro is not likely to have a major effect on opsonophagocytosis, although it is possible that uptake is influenced by assay conditions. A systematic approach to testing the impact of assay conditions in vitro on human neutrophil phagocytosis of S. aureus has not been conducted. Here, we tested the hypothesis that opsonophagocytosis and opsonophagocytic killing of S. aureus by human neutrophils in vitro are highly influenced by assay conditions. Furthermore, we investigated whether the ability of normal human sera to promote opsonophagocytosis can be enhanced by addition of rabbit Ab specific for S. aureus .
Methods
Bacterial Strain and Culture S. aureus strain LAC (a pulsed-field type USA300 strain) [15, 16] was grown overnight in trypticase soy broth (BD Biosciences). Overnight cultures of S. aureus were diluted 1: 200 in fresh trypticase soy broth. S. aureus were cultured at 37 ° C with shaking (220 r.p.m.) to mid-exponential (OD 600 ≈ 0.7) or stationary (OD 600 ≈ 2.0) phase of growth, at which time they were washed with phosphate-buffered saline (PBS). Bacteria were opsonized using 1, 3, or 50% autologous human serum or 50% pooled human serum (pooled from 5 blood donors) by incubating at 37 ° C for 30 min with gentle agitation, washed twice with PBS, and resuspended in RPMI 1640 medium (Invitrogen) buffered with 10 m M HEPES (RPMI/H, pH 7.2). Freeze-thawed serum was prepared by freezing fresh serum aliquots at -80 ° C and subsequently thawing at room temperature. Serum-opsonized bacteria were used immediately for experiments.
Ab Production and Purification S. aureus strains MW2 [17] , LAC [15, 16] , MRSA252 [18] , Newman [19] , COL [20] , and N315 [21] were grown to mid-exponential (OD 600 ≈ 0.7) and early stationary (OD 600 ≈ 2.0) phases of growth. Colony-forming units (CFUs; 1.7 × 10 8 ) of each strain were heat-killed at 95 ° C for 5 min. All strains were combined and washed once with PBS. Killed bacteria were suspended in 2.5 ml PBS and mixed 1: 1 with complete Freund's adjuvant and emulsified. New Zealand white female rabbits (n = 6) were given subcutaneous injections of the S. aureus cocktail containing 10 9 killed bacteria in Freund's adjuvant every 4 weeks for 20 weeks. Serum was collected 2 weeks after the first boost (6 weeks after the first immunization) and then every 4 weeks thereafter. Twenty-two weeks following the first immunization, sera were harvested and pooled, and used for the current studies. Ab was purified using the Pearl IgG purification kit (G Biosciences). The anti-S. aureus polyclonal rabbit antiserum (α S. aureus ), or purified Ab, recognized multiple surface S. aureus proteins by immunoblot analysis and bound intact S. aureus as assessed by immunofluorescence microscopy (data not shown). Production of Ab in rabbits was approved by the Institutional Animal Care and Use Committee, Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases. The studies conformed to the guidelines of the National Institutes of Health.
Isolation of Human PMNs
Human neutrophils were isolated from heparinized venous blood of healthy donors using dextran sedimentation and FicollHypaque gradient centrifugation as described previously [22] . This work was performed in accordance with a protocol approved by the Institutional Review Board for Human Subjects, National Institute of Allergy and Infectious Diseases. All human subjects gave informed consent prior to participation in the study. Purity of PMN preparations and cell viability were determined by flow cytometry (FACSCalibur, BD Biosciences) as described previously [22] . Using this method, cell preparations typically contain approximately 98-99% granulocytes -primarily neutrophils with ∼ 2-5% eosinophils.
Binding (Association) of S. aureus with Human PMNs S. aureus strain LAC was cultured to mid-exponential phase of growth and suspended in RPMI/H to 10 8 CFU/ml; 100 μl of bacteria were combined with 900 μl human heparinized blood in a 1.5-ml tube and rotated gently at 37 ° C for the indicated time points. At desired times, samples were prepared on microscope slides and stained with Wright-Giemsa. To determine the association of bacteria with isolated adherent neutrophils, neutrophils were allowed to adhere to serum-coated coverslips for 15 min at room temperature. Bacteria were combined with neutrophils at a 1: 1 CFU:PMN ratio and centrifuged at 524 g for 8 min at 4 ° C. Samples were then incubated at 37 ° C for the indicated times, at which point coverslips were washed with PBS to remove unbound bacteria, and cells were stained with Wright-Giemsa and evaluated as described below. Alternatively, neutrophils and bacteria (1: 1 CFU:PMN ratio) were combined in a 1.5-ml tube and rotated gently at 37 ° C for the indicated time points. To remove the majority of unbound bacteria, supernatant was removed after centrifugation (110 g , 4 ° C, 5 min). The resulting pellet containing bacteriaassociated neutrophils was resuspended in RPMI/H. Slides were prepared from cell pellets using a CytoSpin (Thermo Shandon CytoSpin 4) and they were subsequently stained with Wright-Giemsa. For assays with adherent PMNs or those in suspension, 50 cells per time point per treatment from random fields were scored for associated bacteria by using a light microscope.
Phagocytosis of S. aureus by Human PMNs
For assays with adherent PMNs, synchronized phagocytosis was performed as described previously [22] [23] [24] . In general, bacteria were washed in PBS and opsonized with 1, 3, or 50% autologous or pooled normal human serum as indicated at 37 ° C for 30 min. Bacteria were washed with PBS and resuspended at the desired concentration in RPMI/H. Human neutrophils were aliquoted at the desired concentration in tissue culture plates precoated with normal human serum to prevent PMN activation. Neutrophils were allowed to adhere to the assay plate for 15 min at room temperature before addition of bacteria. Bacteria were added to the desired wells and assay plates were then centrifuged at 524 g for 8 min and 4 ° C to synchronize phagocytosis.
For assays with PMNs in suspension, human neutrophils and bacteria were combined in 1.5-ml tubes and incubated at 37 ° C for up to 1 h with gentle rotation. At each time point, the contents of the tubes were transferred to plates containing coverslips and centrifuged at 524 g for 8 min at 4 ° C. A ratio of 1 or 10 CFU per PMN was used for experiments as indicated. PMNs were allowed to ingest S. aureus for the indicated times at 37 ° C.
Bactericidal Activity Assay
For measurement of S. aureus survival after phagocytic interaction with adherent neutrophils, opsonized or unopsonized bacteria were combined with PMN at a ratio of 1: 1 or 10: 1 (CFU:PMN ratio) as indicated in 96-well flat-bottom microtiter plates (precoated with human serum and then washed extensively). Plates were centrifuged at 456 g for 7 min to synchronize phagocytosis, and samples were incubated at 37 ° C for up to 120 min as indicated. For measurement of S. aureus survival after interaction with neutrophils in suspension, PMNs in RPMI/H were combined with opsonized or unopsonized bacteria and incubated at 37 ° C for up to 120 min with gentle rotation. At the desired time points, saponin (22 μl of a 1% solution, 0.1% final concentration) was added to each well or tube, the contents were mixed, and the plates or tubes were incubated on ice for 15 min. Bacteria were subsequently passaged through a 25-gauge blunt-end needle (to disperse cell clumps) and plated on LB agar.
Surviving bacteria were enumerated the following day. Percent survival was calculated by comparing the numbers of surviving bacteria to those at t = 0 with the equation: (CFU PMN+ at t /CFU PMNat t 0 ) × 100.
Immunofluorescence Microscopy
Coverslips were washed with nitric acid, flamed with ethanol, and coated with 100% normal human serum in 24-well tissue culture plates for 1 h. Coverslips were washed twice with PBS and 3 × 10 5 PMNs were centrifuged (456 g ) onto coverslips to facilitate adherence. Cells were fixed in 4% paraformaldehyde for 30 min on ice, washed three times in PBS, and incubated in blocking buffer (5% goat serum in PBS) for 30 min at room temperature.
To stain uningested bacteria, PMN were incubated with a 1: 100 dilution of α S. aureus (described above) for 1 h at room temperature. Cells were subsequently washed three times with blocking buffer and stained with AlexaFluor 594 conjugated to goat antirabbit Ab (Molecular Probes, Life Technologies No. A11012) for 1 h at room temperature. After three washes in PBS, cells were fixed and permeabilized with 1: 1 methanol:acetone for 10 min at -20 ° C. After three more washes in PBS, PMNs were incubated with α S. aureus (1: 100 dilution) in blocking buffer for 1 h at room temperature. Cells were subsequently washed three times with blocking buffer and counterstained with AlexaFluor 488 conjugated to goat anti-rabbit Ab (Molecular Probes, Life Technologies No. A11008) for 1 h at room temperature. Phagocytosis for each condition was scored on a fluorescence microscope by counting bacteria associated with 50 PMNs from random fields of view. Percent internalized bacteria were determined using the following equation: [(bacteria green -bacteria red )/bacteria green ] × 100 = bacteria internalized .
To quantify CD63-positive phagosomes, PMNs were fixed with 300 μl 4% paraformaldehyde on ice for 30 min and permeabilized with 1: 1 methanol:acetone for 10 min at -20 ° C. PMN were incubated subsequently for 1 h at room temperature with a 1: 1,000 dilution of mouse anti-human CD63 (BD Pharmingen). After three washes in blocking buffer, cells were stained with AlexaFluor 488 goat anti-mouse Ab (1: 1,000 dilution; Molecular Probes, Life Technologies). PMNs were stained with 4′,6-diamidino-2-phenylindole (300 n M in PBS, Molecular Probes, Life Technologies) prior to mounting coverslips onto slides. PMNs were scored for CD63-positive phagosomes by counting 50 cells from random fields.
Statistical Analyses
Five independent experiments were performed for each assay. Data were evaluated using one-way analysis of variance and Tukey's or Dunnett's post hoc test as indicated (GraphPad Prism 5; GraphPad Software).
Results

Factors or Conditions That Influence Phagocytosis of S. aureus
To better understand the factors or conditions in vitro that are optimal for phagocytosis of S. aureus by human neutrophils, we tested the impact of the bacteria/PMN ratio, S. aureus growth phase, freezing/thawing of human serum used for opsonization, opsonization with autologous versus pooled human serum, and assays with neutrophils in suspension versus those that are adherent on neutrophil phagocytosis ( fig. 1 ). Although previous studies reported conditions that can impact neutrophil phago- cytosis of S. aureus [7] [8] [9] , only one of the conditions tested here influenced uptake of S. aureus by human neutrophils (see below; fig. 1 ). This finding is somewhat unexpected, since the repertoire and expression of S. aureus surface proteins that could impact phagocytosis are different at stationary and mid-exponential phases of growth. Moreover, multiple freeze-thaw cycles might be predicted to decrease effectiveness of serum opsonins, which, in turn, could impact phagocytosis [25] . Nonetheless, there was no difference in neutrophil uptake of S. aureus opsonized with fresh serum or serum that had been repeatedly frozen and thawed ( fig. 1 c, e, f) . In contrast, there was a significant difference in phagocytosis of S. aureus between neutrophils in suspension and those that were adherent ( fig. 1 ). Approximately 40% of the bacteria associated with the neutrophils in suspension were internalized by 10 min, but this level of S. aureus uptake did not increase significantly over time (for up to 60 min). By comparison, the level of phagocytosis by adherent neutrophils increased over time (phagocytosis was ∼ 80% by 60 min; fig. 1 ). The observation that more bacteria were ingested by adherent neutrophils compared with those in suspension is consistent with the idea that adherent neutrophils are 'primed' for enhanced phagocytosis, results also in accordance with previous studies [7] [8] [9] .
Bactericidal Activity of Neutrophils in Suspension
We next determined if the phagocytosis results with neutrophils in suspension were mirrored by bactericidal activity. Although on average there was a difference in bacterial survival among some of the conditions tested, the differences were not statistically significant with a few exceptions ( fig. 2 ) . Notably, ≥ 80% of the initial S. aureus [26] [27] [28] [29] [30] [31] . Our initial results were consistent with these previous studies, but the reduction in CFUs was largely attributed to cell aggregation rather than killing of S. aureus , since aspiration and dispersion of samples with a 25-gauge needle significantly increased the number of CFUs recovered ( fig. 2 d) . Therefore, we used a 25-gauge needle to disaggregate all assay contents after solubilization in 1% saponin. Aggregation of S. aureus and neutrophils -especially serumopsonized S. aureus -in such assays is often not addressed and is a potential confounding factor that must be considered [32] . The apparent discordance between phagocytosis ( ∼ 40-50%) and S. aureus survival ( ≥ 80%) in suspension assays might be explained by at least two phenomena. First, uningested bacteria are not counted in phagocytosis assays but contribute to recovered CFUs in the survival assays. Second, a significant percentage of ingested S. aureus (30-50% for strain LAC) are not killed by neutrophils [15, 31, 33] . In aggregate, these results suggest phagocytosis and killing of S. aureus by neutrophils in suspension -presumably akin to those in the bloodstream -are largely ineffective or inefficient under the conditions tested. That said, we previously demonstrated that neutrophils in human venous blood bind and/or ingest S. aureus , and that these bacteria ultimately cause neutrophil lysis [34] . The binding of S. aureus with PMNs in blood was verified here, as >90% (92.6 ± 1.4%) of neutrophils in human venous blood had bound and/or ingested S. aureus by 5 min (data not shown). These observations provide strong support to the idea that factors present in whole blood, likely molecules produced by other cell types or those in plasma, enhance neutrophil binding to S. aureus -conditions not fully reproduced by assays with purified neutrophils.
Serum Opsonization and Neutrophil Phagocytosis
It is well known that serum opsonins promote phagocytosis of S. aureus by neutrophils [35, 36] . Indeed, binding and uptake of opsonized S. aureus by human neutrophils in suspension was significantly greater than that with unopsonized bacteria (e.g., association of S. aureus with neutrophils at 60 min was 62.5 ± 4.4% for opsonized S. aureus compared with 42.2 ± 5.7% for unopsonized bacteria) ( fig. 3 a, b) . In contrast, binding and phagocytosis of S. aureus was similar between opsonized and unopsonized adherent neutrophils (e.g., at 60 min 96.6 ± 1.1% and 94.3 ± 2.2% of adherent neutrophils were associated with opsonized and unopsonized S. aureus , respectively) ( fig. 3 a, b) . These latter results were reflected in general by bacterial survival, since S. aureus survival was significantly reduced over time following phagocytosis by adherent neutrophils (serum opsonized or unopsonized) ( fig. 3 e) . Collectively, these data indicate that serum opsonization of S. aureus enhances phagocytosis by neutrophils in suspension, which is consistent with previous work [7, 8] , but has no apparent impact on binding or uptake of the pathogen by adherent neutrophils.
Neutrophil Granule-Phagosome Fusion after Phagocytosis of S. aureus
We next determined whether the fusion of azurophilic granules with S. aureus phagosomes was enhanced by opsonization or neutrophil adherence. There was very similar -if not virtually identical -enrichment of CD63, a protein present in the membranes of azurophilic granules on phagosomes of adherent neutrophils following ingestion of opsonized or unopsonized USA300 ( fig. 3 f) . Notably, 97-98% of these phagosomes were enriched with CD63 by 60 min, indicating typical granule-phagosome fusion after ingestion of S. aureus . The findings are in accordance with our previous results using adherent neutrophils and serum opsonized S. aureus [15] . In contrast, there was limited enrichment of S. aureus phagosomes with CD63 by neutrophils in suspension and very little (or zero) with unopsonized bacteria ( fig. 3 f) . These results suggest that granule-phagosome fusion and thus neutrophil activation is limited in suspension conditions following uptake of unopsonized S. aureus . This finding is perhaps not surprising, since different agonists have differential capacity to elicit neutrophil degranulation (e.g., see [37, 38] and more recently [39] ), and activation by opsonized versus unopsonized bacteria proceeds in part through distinct receptors. These findings, coupled with limited phagocytosis by suspension neutrophils, provide an explanation in part for the high level of S. aureus survival under these assay conditions (compare fig. 3 e and f) .
Anti-S. aureus Ab and Neutrophil Phagocytosis
To determine whether uptake of opsonized S. aureus by neutrophils was mediated at least in part by specific Ab, or if such Ab enhances uptake of S. aureus by neutrophils, we tested the ability of α S. aureus to promote opso- * * * * * ** ** Fig. 3 . Opsonization enhances uptake but not killing of S. aureus by human PMNs in suspension. a Percentage of PMNs associated with strain LAC was determined by light microscopy as described in the Methods. Phagocytosis ( b-d ) and bactericidal activity ( e ) of adherent PMNs (Adh.) or those in suspension (Susp.) were determined for opsonized (Ops.) and unopsonized S. aureus (Unop.). f CD63-enriched S. aureus phagosomes were assessed using fluorescence microscopy. Assays were performed using a CFU:PMN ratio of 1: 1. Data represent the mean of 5 or 10 independent experiments ± SEM as indicated. * p < 0.05 for phagocytosis using adherent PMNs vs. those in suspension using either opsonized or unopsonized bacteria. * * p < 0.05 for phagocytosis assays containing opsonized bacteria vs. unopsonized bacteria using either adherent PMNs or those in suspension.
Lu/Porter/Kennedy/Kobayashi/DeLeo J Innate Immun 2014;6:639-649 DOI: 10.1159/000360478 646 nophagocytosis. For these experiments, we used rabbit antiserum or purified rabbit IgG directed against 6 strains of heat-killed S. aureus (from two separate phases of growth) as described in the Methods. Notably, α S. aureus failed to enhance uptake by adherent neutrophils, which was >80% within 1 h (and therefore near maximum) ( fig. 4 a) . Consistent with this result, α S. aureus had no impact on killing of S. aureus by adherent neutrophils ( fig. 4 b) .
In contrast, α S. aureus Ab significantly increased phagocytosis of S. aureus by neutrophils in suspension (e.g., uptake/internalization of bacteria increased from 0.7 ± 0.7% in the absence of specific Ab at 60 min to 55.9 ± 6.1% with α S. aureus ) ( fig. 4 c) . Although there was a trend towards increased uptake of human serum-opsonized S. aureus following addition of α S. aureus (e.g., uptake increased from 36.3 ± 9.2% with no exogenous α S. aureus added to 49.5 ± 2.0 and 61.8 ± 6.3% using 1: 1,000 and 1: 100 dilutions of α S. aureus , respectively), these results were not statistically significant. Moreover, the level of phagocytosis with bacteria opsonized with normal human serum alone (36.3 ± 9.2%) was not significantly different than that with unopsonized bacteria plus the highest concentration of α S. aureus (55.9 ± 6.1%) ( fig. 4 c) .
Despite the enhanced α S. aureus -mediated uptake of S. aureus by human neutrophils, there was no significant difference in bacterial survival in the presence or absence of α S. aureus ( fig. 4 d) . The seeming inconsistencies with suspension phagocytosis (increased with specific Ab) and S. aureus survival (no increase) are explained above (see text for fig. 2 ). The results with α S. aureus were mirrored by assays that contained IgG purified from rabbit antisera (α S. aureus ) ( fig. 5 ). These data suggest that the increased phagocytosis of S. aureus by suspension neutrophils in our assays was mediated primarily by Ab and not other factors present in serum ( fig. 5 ). Taken together, these data provide evidence that α S. aureus has the capacity to enhance suspension phagocytosis under specific conditions.
Discussion
Whether humans develop immunity to S. aureus infections is an often-debated topic. On the one hand, the vast majority of individuals fail to develop serious or lifethreatening S. aureus infections during the course of their lifetime. This is perhaps remarkable, considering the high percentage of people who are permanently or intermit- tently colonized with S. aureus [40] . On the other hand, there is a relative high abundance of invasive S. aureus / MRSA infections in health care facilities, and some individuals develop recurrent infections. One explanation for these infections is that the individuals have risk factors for infection, such as indwelling medical devices or immune suppression [41] . Thus, they lack competent innate immunity and/or they fail to develop adaptive immunity to S. aureus . Inasmuch as neutrophil phagocytosis and killing of bacteria are critical for host defense -especially against S. aureus -enhancing these functions would be an important step forward in our efforts to develop new therapies to treat infections. Indeed, there have been several recent efforts to develop a vaccine that promotes opsonophagocytosis of S. aureus , but none has been successful in human clinical trials. To better understand the disconnect between positive outcomes in pre-clinical studies and negative outcomes in human clinical trials, we investigated conditions in vitro that are optimal for phagocytosis and killing of S. aureus by human neutrophils. It is important to note that vaccine approaches directed to enhance opsonophagocytosis are distinct from those directed to neutralize secreted S. aureus molecules such as cytolytic toxins or enterotoxins. Thus, our data bear only on opsonophagocytosis approaches.
Notably, we found that phagocytosis and killing of USA300 by adherent neutrophils was comparable (and rapid) for serum opsonized or unopsonized bacteria. These findings seem at variance with the notion that specific Ab is required for efficient uptake of S. aureus by neutrophils. However, it is well known that neutrophils primed by adherence have enhanced functions, including phagocytosis [42] , a phenomenon that likely explains the rapid uptake of S. aureus in the absence of host opsonins. It is also known that phagocytosis of unopsonized S. aureus can proceed through a number of previously described receptor pathways, including those involving lectin, protein, or hydrophobic interactions [43] . An implication of these findings is that an approach to enhance opsonophagocytosis will be ineffective for infections in which neutrophils are adherent -e.g., skin and soft tissue infections.
In contrast, opsonization of S. aureus with human serum enhanced phagocytosis by neutrophils in suspension, findings that corresponded with increased granulephagosome fusion using these conditions ( fig. 3 ). These findings are consistent with previous studies that have demonstrated the ability of normal human serum, which includes IgG and complement, to promote phagocytosis in suspension [7, 8] . Despite this observation, there was weak correlation between uptake of S. aureus and subsequent killing of bacteria by neutrophils in suspension ( fig. 3 ). Such disparity may be inherent to the assay readouts, since the bactericidal activity assay measures viable bacteria (inside or outside of neutrophils), whereas the phagocytosis assay evaluates only those bound and/or ingested by neutrophils.
In addition to priming by adherence as discussed above, a key difference between assays with adherent neutrophils and those containing neutrophils in suspension is with the kinetics of phagocytosis. For assays with adherent neutrophils, phagocytosis is synchronized and the majority of bacteria are internalized within the first 30 min after the start of the assay. In contrast, phagocytosis of bacteria in suspension is asynchronous, and some bacteria will be taken up at different time points over the course of the assay period. Such a phenomenon may also contribute to the noted difference in bactericidal activity between the two types of assays.
In accordance with previous in vitro studies, we found that Ab specific for S. aureus enhanced uptake of unopsonized bacteria and, at the highest Ab concentration, to the level of ingestion conferred by normal human serum [44] [45] [46] [47] [48] . However, anti-S. aureus Ab failed to increase phagocytosis of serum-opsonized S. aureus significantly, although there was a trend to increased uptake ( fig. 4 c,  5 a) . Collectively, these findings indicate that Ab specific for S. aureus promotes phagocytosis under defined circumstances (suspension in the absence of serum opsonins), but the additive contribution of such Ab is limited for phagocytosis in human serum. These findings should be considered as the field moves forward in an effort to develop a vaccine designed to moderate or prevent S. aureus infections.
